Principle: Although intensive care units (ICUs) with higher overall patient volume may achieve better outcomes than lower volume ICUs, there are few data on the effects of increasing patient loads on patients within the ICU.
T here is growing interest in concentrating critically ill patients into a smaller number of intensive care units (ICUs). This interest arises because of the increasing demand for critical care by a growing population at risk (1), hospital closures (2), payer-initiatives to achieve economies of scale (3), and possible policy decisions to implement a regionalized system of care (4, 5) .
Several studies demonstrate that high-volume ICUs provide improved outcomes for a range of serious conditions (6 -13) . However, these cross-sectional studies do not address the effect of in-creasing patient volume within a hospital on outcomes; that is, they demonstrate average effects rather than marginal effects, although the latter are quite relevant from a policy perspective. Results of studies of the effect of changes in-patient volume on outcomes have been mixed (14 -16) . We are unaware of any multicentered studies focusing on the relationship between day-to-day patient volume and ICU outcomes in the United States.
In this study, we examine the association of daily ICU occupancy with the outcomes of patients admitted to that ICU on that day. We study a range of critical illnesses within the APACHE (Acute Physiology and Chronic Health Evaluation) IV database, containing detailed clinical and physiologic information on patients admitted to 108 ICUs. Day-of-admission census is our primary exposure variable because of the importance of rapid initial treatment for outcomes in many critical illnesses (17) (18) (19) . A fixed effects model is used at the ICU level to compare patients with others admitted within the same ICU, but on a different day.
METHODS
Study Population and Data. Data came from patients admitted to ICUs participating in the APACHE clinical information system from January 2002 through June 2005. These units were diverse in size, geographic region, and teaching status. The APACHE program prospectively collects physiologic, clinical, demographic, and admission source data. Data are entered by teams who undergo intensive training and receive regular quality reviews. These data support several risk-adjustment models of ICU outcomes (20 -22) .
All patients admitted to APACHE ICUs were eligible for the study. Patients undergoing coronary artery bypass grafting were excluded because their risk-adjustment profiles are different than other critically ill patients (21, 22) . We also excluded ICUs caring for fewer than 100 patients in the data and the first 100 patients at a site to ensure that our census measures were stable. Only a patient's first admission to the ICU during any given hospitalization was analyzed.
This article was considered exempt from review by the University of Pennsylvania Institutional Review Board.
Variables. Our exposure of interest is the census of each ICU on the day of ICU admission. Census is defined as the total number of patients who spent at least 2 hours in each ICU on the calendar day on which a given patient was admitted. The mean census of each ICU across the study period was computed. To take into account the differences between ICUs in their size and inherent uncertainty in determining the total capacity in each ICU, ICU census is analyzed as the ratio of the day-of-admission census to the mean census, divided into deciles. As sensitivity analyses, models were reestimated using other parameterizations of our key exposure variable. We avoided using "mean census during the patient's ICU stay" or some similar construct as ICU census after admission for a patient is endogenous to our outcomes.
The primary outcomes were in-hospital mortality and discharge to another hospital. As a secondary outcome, we examined length of stay in the ICU, which is recorded directly in the database; for these analyses, we excluded 16,400 patients in eight ICUs whose precise entrance and exit times within a given day are not in the dataset.
Risk Adjustment. Risk adjustment was performed using the APACHE IV risk-adjustment formulae. The risk equations include the day one acute physiology score, age, select chronic health items, primary diagnosis, hospital admission source, pre-ICU length of stay, whether a sedated patient could have his/her Glasgow Coma Score assessed, a patient was receiving invasive mechanical ventilation, and the patient had received emergency surgery, as described elsewhere (21, 22) . Separate riskadjustment formulae are available for inpatient mortality and ICU length of stay.
For regressions examining the association with discharge to another hospital, we have adjusted for APACHE IV-predicted risk of death as a marker of severity of illness, as we are unaware of a validated risk-adjustment model for that precise outcome.
Statistical Analysis. In key analyses, the relationship between census and outcome was examined using multivariable conditional logistic and linear regression, adjusting for APACHE risk of death. All regression models were parameterized with an ICU-level fixed effect to fully control for all shared, timeinvariant characteristics of the ICU (including the nominal capacity of the ICU-"how many beds the unit has"), without having to measure those characteristics (23). Individual- level risk-adjusted predicted outcome was included in all regression models with linear, quadratic, and cubic terms to ensure flexibility. The regression results can be interpreted as the effect of the day-of-admission census comparing each patient to other patients admitted to the same ICU. An adjusted R 2 measure is reported in the Appendix for each regression, rescaled as maximum R 2 is less than one for a dichotomous outcome (24). Analyses were carried out in Stata 9.2 and SAS 9.0 -9.2.
RESULTS
We examined 200,499 patients admitted to 108 ICUs in 46 hospitals. Patient characteristics are given in Table 1 . The mean age was 61.5 years; the median Acute Physiology Score was 34. A total of 63.1% of patients were discharged home, and 13.3% died during their hospitalization. Characteristics of the ICUs are given in Table 2 . The average daily census was 12.8 across ICUs, with a median of 11 and an interquartile range of 9 -15.
There was wide variability in the dayof-admission census. The lowest decile of patients were admitted to ICUs with a census at 65% of their mean daily census; the highest decile of patients were admitted to ICUs operating at 147% of their mean daily census.
Response to Unusually High Daily Census. Severity of illness as measured by Acute Physiology Scores (APS) of patients did not markedly change with increasing occupancy of the ICU (Fig. 1) . In a fixed effects model comparing patients to other patients in the same ICU, there was a small decline in mean APS with increasing patient occupancy (Appendix Table  A1 ). Patients admitted on the highest census days had an APS 2.57 (Ϯ0.26 SE, p Ͻ 0.0001) lower than those on the lowest census days (comparing deciles 1 and 10).
There was little difference in mortality with increasing census on day of admission. As shown in Figure 2 without adjustment, patients admitted on the highest census days were slightly less likely to die as an inpatient; there was no increase in rates of transfers of patients to other hospitals with increasing census. As shown in Figure 3 , there was no significant change in mortality with increasing census when a fixed effects regression is used to compare patients with others within the same ICU, and after adjustment for differences in predicted inpatient mortality using APACHE IV (Appendix Table A2 ; the joint test for the occupancy variables was insignificant at p ϭ 0.149). Furthermore, the estimates are quite precise, ruling out large associations-patients in the highest decile have an odds ratio for inpatient mortality of 0.98 (95% CI 0.91-1.06) relative to those in decile 6 (the mean census) ( Fig.  3 ). Fixed effects models confirmed that there was no significant increase in rates of transfer to other hospitals with increasing census (Appendix Table A3 ).
Unadjusted length of stay in the ICU decreased modestly with increasing volume. This apparent effect disappeared when APACHE IV predicted length of stay was included as a covariate in the fixed effects regression (Appendix Table A4 ).
Sustained (14 Day) High Census. A very similar pattern was seen when examining the effects of the census during the 14 days before and including the day of admission. This was parameterized as a ratio of the 14-day moving average cen- sus to the mean census across the study period. There was no clinically significant change in the odds of death with increasing 14-day census in unadjusted or the fixed effects regression models (see Fig. 3 and Appendix Table A5 ). In the regression, the joint test for the occupancy variables was insignificant (p ϭ 0.21). Of note, there was an effect of occupancy on rates of transfers to other hospitals (joint test, p ϭ 0.0032); however, transfers were more common on days of the lowest occupancy (Appendix Table A6 ).
Sensitivity Analyses. We conducted several sensitivity tests to confirm our mortality results, as shown in Table 3 . In no case was there evidence of increased mortality with increased patient load.
DISCUSSION
Our results demonstrate that unusually high census on day of admission is not associated with clinically meaningful negative outcomes among critically ill patients across a range of conditions. This result was robust to alternative specifications of day-of-admission census and was true in important subgroups, including the subset of highest acuity patients. This result is consistent with some earlier works done in the Unites States and United Kingdom (14, 15), although the result contradicts a single-center study in a UK ICU (16). Although individual practitioners may suffer from the effects of increased workload (25), the existing organizational structure in the ICUs in our data seems to be able to buffer patients from any mortal adverse effects of increased workloads.
Why Might Increasing Census Worsen Patient Outcomes?
In economics, the finding of so-called declining marginal productivity is common. Beyond a certain point, a worker cannot manufacture an item as quickly as the previous one. In the healthcare, this effect has been robustly studied in Emergency Department (ED) crowding. Patients seen during busy periods in the ED have longer inpatient lengths of stay and poorer care (26 -28). Australian data suggests that ED crowding may even be associated with increased all-cause mortality (29, 30) . These results dovetail with the literature demonstrating improved outcome for patients with lower nursing ratios (16, 25, 31) .
Given these prior results suggesting that mortality of ICU patients would be increasing with day-of-admission census, our findings are reassuring. We find no evidence of a meaningful increase in mortality across a broad range of observed census ratios. Our analysis has intentionally focused at the organizational level of the ICU as a whole. We look at the total number of patients cared for in an ICU a day, because that may be under the control of ICU managers and policy directors. This complements other research that has taken a more microlevel perspective, looking at the workloads of particular practitioners. At the organizational level, diverse compensating mechanisms exist to support individual practitioners. Although studying the effectiveness of individual-level approaches (e.g., reducing nursing workloads) is valuable, there are also policy implications from studying the organizational aggregate effect.
Our data suggest that these ICUs are able to function as high reliability organizations. They are able to safely scale up their operations as needed to meet the demands of a wide range of operating conditions while maintaining consistent patient mortality outcomes (32, 33) . This is true when increased demand is acutemeasured at a single-day level-or more chronic, measured across 2 weeks of sustained activity. Given the pessimism about the reliability of healthcare organizations, this finding is encouraging and suggests an area for detailed process studies (34, 35) . Our data neither allow us to investigate the particular processes that generate this aggregate mortality result nor guarantee that the results are present for other measures of quality. But our data have important implications for regionalization of critical care, disaster planning, and selection of high-quality critical care.
Implications. Regionalization is generally understood as a process of centralizing the care of patients of some type in designated centers of excellence, as in trauma and neonatal care (36). Trauma networks have been associated with remarkable improvements in outcomes (37-41). Leading critical care organizations are engaged in a discussion of regionalization of nontrauma critical care (5, 12) .
Analyses of the potential value of regionalization have emphasized the difference between average outcomes for patients cared for in low volume vs. highvolume hospital. Thus, Krumholz et al (42) suggest that nearly 10,000 patients with acute myocardial infarction, were they to receive the same quality of care provided by the best hospitals, might be saved each year. Similar results have been found for non-postoperative mechanical ventilation (43). These analyses assume, without data, that the average effectiveness of the ICU is the same as the marginal effect of the ICU. That is, they assume that ICUs will be able to provide the same quality of care for the patients during high occupancy as they have for the average of the preceding patients. This study supports such an assumption, at least in the short term.
In particular, this study suggests that when assigning patients to providers to maximize the quality of care, across the observed range of variability, the highest quality providers are able to maintain • Surgical patients (Table A7) • Nonsurgical patients (Table A8) • Patients with predicted inpatient mortality of greater than 50% (Table A9) • Patients admitted on weekdays (Table A10) • Patients admitted on weekends (Table A11) • Nonteaching hospitals (Table A12) • Small teaching hospitals (Table A13) • Members of the Council of Teaching Hospitals (Table A14 ) Alternative parameterizations:
• Absolute (rather than relative) difference between day-of-admission census and mean census (Table A15 ) • Using only the first ICU stay of the first hospitalization for each patient (Table A16) Alternative outcomes:
• No increased rate of admission to ICU with cardiac arrest on high census days (Table A17) • No increased rate of readmission to ICU within 7 days of discharge among patients admitted on higher census days (Table A18) ICU, intensive care unit. Our results were consistent across all of these analyses; full regression results are presented in the Appendix.
their quality even at workloads much above their mean census. This implies, but does not prove, the viability of regionalization strategies and related approaches such as concentrating high-risk procedures (3, 44) and when designing evacuations during disasters. Our results suggest that these ICUs maintain high quality despite high census-if the unit will accept the patient, it may be safe to send them.
Limitations. Our results have several limitations. First, they may not be generalizable to all ICUs. The APACHE hospitals invested in information technology and may not be representative of ICUs in the United States-or of the more constrained ICU resources typical of other developed countries (45). Second, in any observational study, an unobserved confounder might be present. Such a confounder would need to be associated with improved survival in the ICU and more common on high census days to explain our results. Third, given the importance of early response for several key critical illnesses, we have chosen to focus on census on day of admission. For some conditions, particularly safety-related complications such as catheter-related bloodstream infections, the workload throughout the entire ICU stay may be more important. Fourth, limitations of our data require that we use inpatient mortality and inpatient discharge destination as key outcomes. We hope that replications of this work will use unambiguous 30-day outcomes. Fifth, our data do not address the outcomes of patients who could not be admitted to the ICU due to high census, so we cannot speak to population health effects-high census days may affect outcomes on the hospital ward or ED. Finally, we have chosen to use a minimally parametric fixed effects estimator. As such, our standard errors may be somewhat less precise than a model that made more restrictive assumptions; however, our point estimates suggest only very small effects, if any.
CONCLUSIONS
A diverse set of ICUs seems able to maintain consistent mortality outcomes across a range of daily censuses. Some ICUs display a hallmark of high reliability organizations: consistent outcomes despite wide range of operating conditions. Further, this implies, but does not yet prove, that patients may be concentrated in highvolume ICUs without overwhelming those ICUs, and without thereby losing the potential benefits of concentration.
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